Kinship and Descent: Redefining the Stem Cell Compartment in the Adult Hippocampus  by Tropepe, Vincent
these findings not only help to improve
our understanding of normal hemato-
poiesis but also provide new insights
into leukemogenesis.
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Identifying multipotent, self-renewing neural stem cells (NSCs) within the adult hippocampus in vivo
has been somewhat elusive. In this issue of Cell Stem Cell, Suh et al. (2007) show that Sox2-express-
ing cells in the subgranular zone (SGZ) of the dentate gyrus not only haveNSC characteristics but also
display an unexpected degree of heterogeneity.A tenet of the adult stem cell niche
hypothesis asserts that the tissue
microenvironment regulates the cell
cycle, self-renewal, and multilineage
potential of stem cells. This principle
leads to the widely accepted corollary
that stem cells removed from their
niche display cellular behaviors that
may not be indicative of their normal
function in vivo. In other words, it is
the difference between what stem
cells can do and what they normally
do. For example, stem cells in vitro
often display broader proliferative ca-
pacity, or can generate specific cell
types in proportions that are different
than those produced in vivo. None-
theless, the peculiarities of niche-in-
dependent stem cell behavior can,
to some extent, be rationalized by
the notion that the niche necessarily
mitigates a full stem cell repertoirein vivo due to physiological con-
straints.
In the adult vertebrate brain, neuro-
genic compartments display a strong
bias in the types of cells that are gener-
ated (usually neuron production domi-
nates), and the putative NSCs in these
regions are thought to divide infre-
quently. Thus, it is difficult to define
the in vivo identity of adult NSCs based
on correlations of in vitro and in vivo be-
haviors. This challenge is exemplified
in studies of hippocampal neurogene-
sis. Previously, in vitro experiments
showed that multipotent, self-renewing
NSCs could be isolated from the adult
hippocampus, supporting the model
that these NSCs resided in the SGZ,
where neurogenesis normally occurs
(Gage et al., 1998). However, at the
time, direct in vivo evidence of NSCs
within the SGZ was lacking.Cell Stem Cell 1,Indeed, recent studies challenged
this model (Seaberg and van der Kooy,
2002; Bull and Bartlett, 2005). Micro-
dissection of distinct hippocampal-
associated regions demonstrated that,
although the adult dentate gyrus
contained progenitor cells capable of
clonal proliferation in vitro, these cells
were only transiently self-renewing
and separately specified to neuronal
or glial fates. In contrast, clonally
derived colonies from cells isolated
from the surrounding periventricular
subependyma displayed multilineage
potential and longer-term self-renewal
in vitro. Furthermore, pyramidal
neurons in the hippocampal CA1 re-
gion are partially regenerated from
periventricular subependymal NSCs
postischemia (Nakatomi et al., 2002).
These studies supported an alternative
model, whereby quiescent NSCsNovember 2007 ª2007 Elsevier Inc. 481
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mal regions of the hippocampus but
neuronal and glial progenitor cells with
limited proliferation mediate persistent
neurogenesis in the dentate gyrus.
Now, Suh et al. (2007) provide a sig-
nificant advancement toward resolv-
ing whether the SGZ harbors NSCs.
Based on previous studies showing
that the transcriptional regulator Sox2,
together with other SoxB1 class genes,
was required for maintaining embry-
onic NSC identity and self-renewal
(Bylund et al., 2003; Graham et al.,
2003), the authors hypothesized that
the expression of Sox2 would define
the most primitive progenitor cells
(possibly the NSCs) within the adult
SGZ. Using a Sox2:gfp transgenic
mouse, Suh et al. reveal that GFP+ cells
within the SGZ of the dentate gyrus are
undifferentiated and express makers
indicative of NSCs, such as BLBP and
Musashi-1. Two classes of GFP+ cells
were identified:a radial-glia-likecell ex-
pressing additional stem cell markers
GFAP and Nestin, and a nonradial cell
with no demonstrable expression of
these two markers. Interestingly, only
the nonradial cells showed signs of
in vivo proliferation, suggesting that the
radial GFP+ cells either had a much lon-
ger cell-cycle time or were postmitotic.
In vitro, clonally derived undifferenti-
ated GFP+ cells proliferated exten-
sively and were capable of multilineage
differentiation. However, it was not
determined whether NSCs within the
periventricular subependyma surround-
ing the hippocampus also expressed
the Sox2:gfp transgene and whether
they were co-isolated in these experi-
ments. Nonetheless, given that most
of the GFP+ cells reside within the SGZ,
these data indicate thatSox2-express-
ing cells in this compartment behave
as NSCs in vitro.
The crucial question was whether
the GFP+ cells displayed similar NSC
behaviors in vivo. A genetic recombi-
nation strategy was used to provide
an indelible genetic marker for tracking
lineal relationships among newborn
cells. A Sox2 promoter was used to
drive the expression of a GFP-Cre re-
combinase fusion protein that was de-
livered by lentivirus directly to the den-
tate gyrus cells in ROSA26 reporter
mice. The authors demonstrated that482 Cell Stem Cell 1, November 2007 ª2the vast majority of proliferating Sox2-
expressing cells gave rise to differenti-
ated neurons, while a smaller percent-
age of proliferating cells maintained
their undifferentiated phenotype or
differentiated into astrocytes. Collec-
tively, these data indicate that the
Sox2-expressing cells within the SGZ,
as a population, are able to self-renew
and generate neurons and astrocytes.
Because lentivirus transduction can
occur in committed progenitors that
have exited the cell cycle, but still ex-
press Sox2, these observations do not
completely rule out the possibility that
separate subpopulations of SOX2+
cells in the SGZ normally give rise to
neurons and astrocytes. Thus, the au-
thors asked whether single SOX2+ cells
could generate both neurons and as-
trocytes by using a similar GFP-Cre
fusion construct, except this time by
retroviral delivery at limiting dilution,
which unlike the lentivirus can only be
incorporated into cells that are divid-
ing at the time of delivery (likely the
nonradial, undifferentiated cells). Most
clones contained single neurons or
single astrocytes, whereas multicellu-
lar clones were composed mostly of
only SOX2+ cells or only neurons. One
clone contained a neuron and astro-
cyte, whereas a separate clone con-
tained one neuron and a radial undif-
ferentiated SOX2+ cell. These data
highlight the fact that, in vivo, NSCs
in the SGZ are heavily biased to gener-
ate neurons. However, at least a sub-
set of SOX2+ SGZ cells retains their
multipotentiality in vivo, in addition to
a substantial self-renewal capacity.
Once again, the niche appears to con-
strain NSC behavior.
Surprisingly, the cells actively dis-
playing these hallmark features of
NSCs in vivo were not radial-glial like,
as was previously suggested (Seri
et al., 2004). However, when animals
were challenged in a running para-
digm, both nonradial and radial Sox2-
expressing cells increased their prolif-
eration and gave rise to new neurons
in the dentate gyrus, indicating that
NSCs in the SGZ can respond directly
to physiologically salient cues to mod-
ify the rate of neuronal production. One
question to emerge is whether there is
a continual lineage relationship be-
tween the two types of NSCs within007 Elsevier Inc.the adult dentate gyrus. The authors
propose that radial cells represent
a relatively quiescent (and inducible)
subpopulation of neural stem cells,
whereas the nonradial NSCs play a
more active role in maintenance of ho-
meostatic levels of neurogenesis. This
would suggest the intriguing possibility
that the heterogeneity of morphologi-
cal states of NSCs are interchangeable
based on the cell cycle, rather than di-
rectional based on the stage of lineage
development. However, more detailed
lineage and cell-cycle experiments are
needed to resolve these alternative
models of NSC heterogeneity within
the SGZ.
The stem cell niche model is a useful
concept for not only delineating the
broad differences in the overall profile
of neurogenesis between compart-
ments but also for helping us formulate
questions about the regulative rela-
tionship among the cell types within a
single compartment (Doetsch, 2003;
Ninkovic and Gotz, 2007). The findings
by Suh et al. (2007) suggest that the
composition of adult neurogenic com-
partments can include more than one
type of NSC. However, several ques-
tions remain unanswered. For exam-
ple, does the subpendymal compart-
ment contribute stem and progenitor
cells to the SGZ in adulthood? What
are the signals present within the SGZ
microenvironment that would preserve
the coexistence of NSCs with distinct
proliferative behaviors? How does
physical activity mobilize the relatively
quiescent NSC subtype? Finally, al-
though SOX2 expression within the
SGZ appears to specifically mark
NSCs, it does not independently distin-
guish between the two NSC subpopu-
lations (or states), nor does it indicate
that all NSCs express SOX2. Thus,
what is the role of SOX2 in maintaining
NSC identity in vivo at the transcrip-
tional level? Regardless of the answers
to these questions, Suh and col-
leagues have provided a new frame-
work for improving our understanding
of the complex, dynamic cellular com-
position of stem cell niches in the brain.
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Only a subset of hierarchically arr
in transplanted immune-deficient
describes a new animalmodel to
stem cells, which are retained in
Characterization of the bone marrow
(BM) microenvironment supporting
growth and survival of normal and
malignant hematopoietic stem cells
presents a major challenge. Early ob-
servations revealed that bone frac-
tures, blood that has just passed
through bone, and trauma and injury
to the endosteal milieu all provide a
nourishing stimulus to hematopoietic
marrow (Van Dyke and Harris, 1969).
The concept emerged of preferential
stem cell localization, maintenance,
and growth in specific sites within the
BM, primarily in the endosteum region
and in periarterial sites. The endosteal
microenvironment is dynamic due to
bone remodeling, resulting from oste-
oclast/osteoblast interactions and ac-
tivities, affecting hematopoietic stem
cell retention and mobilization (Kollet
et al., 2006).
The study by Ishikawa and col-
leagues (Ishikawa et al., 2007) de-
scribes a novel preclinical model to
assay human acute myeloid leukemia
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primitive CD34+CD38 and more dif-
ferentiated, immature CD34+CD38+
populations sorted from patient sam-
ples into newborn NOD/SCID/IL2rgnull
immune-deficient mice. These mice
are currently the most immune-defi-
cient recipients and thus the most
permissive for human stem cell trans-
plantation and identification of serially
transplanted, long-term repopulating
leukemic stem cells (LSCs). Only a
subsetofhierarchicallyarranged,primi-
tive human AML progenitor cells can
initiate the disease in transplanted im-
mune-deficient mice (Lapidot et al.,
1994). In agreement, Ishikawa et al.
show that only the primitive CD34+
CD38 population initiates the disease
in their model. This cell population is
enriched with LSCs, which exhibit
self-renewal capacity in vivo and also
maintain the surface phenotype and
gene expression pattern observed in
the primitive fraction of leukemic cells
isolated from the original donor. In-
triguingly, applying an approach de-
veloped by Nilsson et al., the authors
Cell Stem Cell 1,Seaberg, R.M., and van der Kooy, D. (2002). J.
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nitor cells can initiate the disease
chnologyby Ishikawaet al. (2007)
iescent humanAMLCD34+CD38
determined that human CD34+CD38
LSCs primarily homed to and were
retained in greater numbers in the end-
osteum region of the femur. It has been
shown previously that normal enriched
primitive murine progenitor cells pref-
erentially home to this site, while
more committed progenitors favored
homing to the central marrow (re-
viewed in Lapidot et al., 2005). Is it
a universal feature of hematopoietic
stem cells that upon transplantation
they home to and are retained in spe-
cific privileged BM sites? Are these
sites enriched with factors that regu-
late stem cells and maintain their self-
renewal and developmental potential?
The chemokine SDF-1 (CXCL12) is
a major chemotactic and survival fac-
tor for both human and murine hema-
topoietic stem cells. As shown by
Sipkins and colleagues, primitive nor-
mal murine and leukemic human cells
home to SDF-1-rich areas, such as
sinusoidal endothelium in the murine
skull flat bones and immature bone lin-
ing osteoblasts (discussed in Lapidot
November 2007 ª2007 Elsevier Inc. 483
